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 At many oceanic volcanoes, such as Hawaii, mantle-derived magmas migrate to crustal 
level magma chambers, where they accumulate before eruption. Understanding the magma chamber 
residence times, or the time gaps between the arrivals of new magmas and eruptions, is important in 
volcanic hazard mitigation. Here I apply iron and magnesium isotope effects in olivines to constrain 
these times at Hawaiian volcanoes. Combined with published data, I present bulk 𝛿56Fe (-1.706 to 
0.489) and 𝛿26Mg (-0.400 to 0.356) in 108 Hawaiian olivines erupted from the pre-shield, shield, 
and post-shield stages. The Hawaiian olivine 𝛿56Fe and 𝛿26Mg represent the largest Fe-Mg isotope 
variations ever observed in natural olivines, and show a remarkably linear, negative correlation that 
can only be created through chemical diffusion. I use a Monte Carlo technique to constrain the 
magma chamber residence times to be on the weekly to annual timescales at pre-shield and shield 
stages. The times for post-shield olivines, due to a decrease in magma production during this stage, 
are on the annual to decadal timescales.
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Chapter 1: Introduction and Background 
1.1 Introduction 
The Earth’s surface is being continually reshaped by volcanic activities, and modern 
volcanic eruptions have destructive effects on those close to volcanoes (Longo et al., 2010; 
Warsini et al., 2014). Catastrophic impacts of recent eruptions highlight the need to better 
understand volcanic eruptions (Schmeling, 2000). Most basaltic volcanism is driven through 
mantle partial melting (Basaltic Volcanism Study Project, 1981). The created magmas migrate to 
subsurface magma chambers, where they evolve, mix, and interact with existing magmas and 
crystals until a combination of magmas and crystals erupt (Bachmann et al., 2008; Clague, 
1987). At Hawaii, the arrivals of new magmas into magma chambers are typically accompanied 
by increased seismic activities and inflationary ground deformation (Neal et al., 2019). Better 
pinpointing the time gaps between the arrivals of new magmas and eruptions that we refer to as 
magma chamber residence times would thus be useful for mitigation of volcanic hazards, 
because it could ascribe the heightened pre-eruption seismicity to magma transit.  
Olivines are the most common phenocrysts in basalts. It is well known that most olivine 
crystals are not in equilibrium with their host lavas (Garcia, 1996; 2002). That is, olivine crystals 
from a single lava flow unit typically have large Fo (Fo =100*[Mg]/([Mg]+[Fe])) variations, 
ranging from higher to lower than what are in equilibrium with host lavas. This implies that 
olivines and magmas may have interacted with each other but have not reached chemical, and 
hence metal stable isotopic, equilibrium before eruption. These type of reactions are expected to 
produce kinetic chemical and metal stable isotopic effects in olivines, and these signatures have 
been used to estimate magma chamber residence times, which are typically on the daily to annual 
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timescales (Costa & Dungan, 2005; Gordeychik et al., 2018; Mutch et al., 2019; Ruprecht & 
Plank, 2013; Shea et al., 2015; Sio & Dauphas, 2017; Teng et al., 2011). 
Hawaiian volcanoes (Fig. 1), formed by the Hawaiian mantle plume, typically experience 
four distinct growth stages: the pre-shield, shield, post-shield, and rejuvenated stages (Fig. 2; 
Clague & Dalrymple, 1987; Decker, 1987). Approximately 80-95% of a volcano’s magma is 
erupted during its shield stage, and magma production drops markedly throughout its post-shield 
stage (Poland & Takahashi, 2015). During the post-shield stage, the magma supply from the 
mantle plume decreases, and magma chambers 1-7 km deep crystallize (Fig. 2; Frey et al., 1990). 
The shield to post-shield transition is therefore expected to be coupled with greater magma 
chamber recharge times, because while the magma chamber size may stay the same, the magma 
supply decreases throughout the post-shield stage (Frey et al., 1990). Exact magma chamber 
recharge times during shield and post-shield stages, however, are yet to be quantified. Here, we 
use kinetic isotope fractionation to address this problem. Specifically, we find these timescales 
through using olivine Fe and Mg isotopic signatures (𝛿56Fe = [(56Fe/54Fe)Sample /  
(56Fe/54Fe)IRMM-014 - 1] x 1000 and (𝛿56Fe = [(26Mg/24Mg)Sample / (26Mg/24Mg)DSM3 - 1] x 1000)) 
generated through magma-olivine reactions for volcanoes in their pre-shield, shield, and post-
shield stages to quantify how this variable changes throughout the course of a Hawaiian 
volcanoes' existence.  
These signatures are created through chemical reactions (diffusion) between olivines and 
magmas when olivines are out of equilibrium with their surrounding magmas (Fig. 3; Oeser et 
al., 2018; Sio & Dauphas, 2017; Teng et al., 2011). As lighter isotopes always diffuse quicker 
than heavier isotopes, the Fe-Mg inter-diffusion diffusion generates distinct and coupled values 
of 𝛿56Fe and 𝛿26Mg within the olivines (Teng et al., 2011). In this contribution, I report 𝛿56Fe, 
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𝛿26Mg, and Fo from three growth stages, including pre-shield (Loihi), shield (Mauna Kea, 
Kilauea, Kahoolawe, Koolau), and post-shield (Niihau). In addition, Kilauea olivines are from 
the Kilauea Iki Lava Lake, which evolved in the crystallizing lava lake for approximately 
another 20 years (Rae et al., 2016; Teng et al., 2008). I use this data, together with a Monte Carlo 
inversion, to find the magma chamber residence times recorded in these olivine samples.   
1.2 Fe and Mg isotopic variations in Hawaiian Olivines  
Hawaiian olivines have 𝛿56Fe and 𝛿26Mg ranging from -1.706 to 0.489, and -0.400 to 
0.356, respectively (Table 1; Fig. 4). For comparison, typical mantle values have 𝛿56Fe and  
𝛿26Mg ranging from -0.011 to 0.182, and -0.350 to -0.180 (Teng et al., 2013; Teng et al., 2010). 
Furthermore, there is a distinct linear, negative trend formed by Hawaiian olivines (Fig. 4a). 
Recent data gathered from Niihau olivines trend to much higher 𝛿26Mg and lower 𝛿56Fe, and 
significantly expanding the Fe-Mg isotopic variations in Hawaiian olivines (Fig. 4; Sio & 
Dauphas, 2017; Teng et al., 2011). This large Fe-Mg isotopic variation in Hawaiian olivines 
cannot be explained using any equilibrium process. Specifically, equilibrium Mg isotopic 
fractionation factor between olivine and melt is essentially zero (Teng et al., 2010). Equilibrium 
Fe isotopic fractionation is complicated by the two Fe oxidization statuses, Fe2+ and Fe3+. It has 
been shown experimentally that equilibrium Fe isotopic fractionation factor between olivine and 
melt for Fe2+ is also essentially zero (Prissel et al., 2018). The observed Fe isotopic difference 
between olivines and their host lavas (Teng et al., 2008) most likely reflects Fe isotopic 
fractionation between Fe2+ and Fe3+, because Fe3+, which tends to have higher 𝛿56Fe, is highly 
incompatible in olivine and concentrated in melt. Nevertheless, the equilibrium Fe isotopic 
fractionation factors between olivines and Hawaiian magma are inferred to be -0.1 to -0.3 (Teng 
et al., 2008), much smaller compared to the observed 𝛿56Fe variation in Hawaiian olivines. 
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The three potential causes of Fe and Mg isotope fractionations this large are Soret 
diffusion, crystal growth, and chemical diffusion (Huang et al., 2010; Li et al., 2011; Liu et al., 
2011; Richter et al., 2009; Roskosz et al., 2006; Young et al., 2015; Oeser et al., 2015; 2018). As 
Soret diffuson cannot create a negative correlation between 𝛿56Fe and 𝛿26Mg, the bulk of the 
research in this subfield has been distinguishing between the influences of crystal growth and  
chemical diffusion (Collinet et al., 2017; Dominguez et al., 2011; Sio & Dauphas, 2017; Sio et 
al., 2013; Oeser et al., 2015; 2018). Chemical evolutions of olivines can be divided into periods 
of diffusion-limited crystal growth and of Fe-Mg inter-diffusion (Collinet et al., 2017; Oeser et 
al., 2015; Shea et al., 2015). Kinetic Fe-Mg isotopic effects caused by crystal growth typically 
result in positively correlated 𝛿26Mg and 𝛿56Fe (Collinet et al., 2017), in the opposite direction of 
the negative 𝛿26Mg vs. 𝛿56Fe trend formed by Hawaiian olivines (Fig. 2). Trends such as the one 
in Fig. 4a can thus be almost exclusively attributed to isotope fractionation driven by chemical 
diffusion (Sio et al., 2013; Teng et al., 2011). Kinetic isotope fractionation initiates once new 
magmas arrive into established magma chambers, causing olivines to be in disequilibrium with 
their surrounding magmas (Gordeychik et al., 2018; Sio et al., 2013; Teng et al., 2011). In an 
attempt to reestablish equilibrium, Fe and Mg inter-diffuse between magmas and olivines (Oeser 
et al., 2018). Throughout this diffusion, the lighter Fe and Mg isotopes diffuse faster than the 
heavier ones, and due to Fe and Mg diffusing in opposite directions, the created 𝛿56Fe and 𝛿26Mg 
signatures are negatively and linearly correlated (Fig. 2; Richter et al., 2008; Richter et al., 2009; 
Roskosz et al., 2006). This diffusion continues until either the olivines regain chemical 
equilibrium with their magmas, or the olivines erupt with the magma. 
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1.3 Chapter 1 Figures 
Figure 1 | Map of Different Sample Locations. Locations of different sample 
sites. Hawaiian mantle plume is currently located near Loihi Seamount. 
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Figure 2 | Graphic of Differences Between Shield and Post-Shield Volcanoes. 
Pre-shield volcanoes have relatively low magma influx and shallow magma chambers 
(a). Shield volcanoes have a relatively high magma influx, yet still shallow magma 
chamber (b). Post- shield volcanoes have lowered magma influx, deeper magma 




Figure. 3 | Depiction of Isotope Fractionation Driven by Chemical Diffusion. 
High-Fo olivine, in which Mg is diffusing out of the olivine and Fe is diffusing into 
the olivine, and a low-Fo olivine, in which the diffusion directions are reversed. 
The lighter isotopes are diffusing faster than the heavier isotopes, generating values 
of 𝛿56Fe and 𝛿26Mg that are not naturally occurring. 
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c 
Figure 4 | Mg Element Versus Stable 
Isotope Data. 𝛿56Fe versus 𝛿26Mg (a). Fo 
versus 𝛿26Mg (b). Fo versus 𝛿56Fe (c). The 
grey rectangles represent typical OIB data 
from Teng et al. (2010; 2013). The grey 
ellipses in Fig. 4a represent all the possible 
𝛿56Fe and 𝛿26Mg values that can be 




1.4  Chapter 1 Tables 
Table 1 | Measured Olivine Elemental and Isotopic Compositions 
Sample Name Number of Matches Measured Fo Measured δ56Fe Measured δ26Mg
HSDP 1 818 90.0 
HSDP 2 1534 87.0 
HSDP 3 822 89.9 
HSDP 4 155 90.7 
HSDP 5 1603 88.9 
HSDP 6 968 90.5 
HSDP 7 533 87.2 
HSDP 8 159 90.9 
HSDP 9 3981 90.3 
HSDP 10 619 89.2 
HSDP 11 2557 89.7 
HSDP 12 462 89.0 
HSDP 13 1302 88.9 
HSDP 14 1693 89.9 
HSDP 15 1346 89.0 
HSDP 16 1411 90.1 
HSDP 17 179 90.8 
HSDP 18 2441 89.7 
HSDP 19 1263 89.9 
HSDP 20 492 90.5 
KAH 1 2592 87.9 
KAH 2 1240 86.4 
KAH 3 2162 88.7 
KAH 4 1452 87.8 
KAH 5 2077 87.7 
KAH 6 252 88.1 
KAH 7 3183 88.3 
KAH 8 1555 88.9 
KAH 9 2229 87.3 
KAH 10 5 87.6 
KAH 11 2878 86.1 
KAH 12 1215 85.6 
KAH 13 981 86.8 
KAH 14 2721 87.0 
KAH 15 1579 85.5 
KAH 16 799 87.3 
KAH 17 3353 87.1 
KAH 18 1859 86.5 


























































































































































KOO-17A Ol-6   
1904 84.8 
Niihau 4 1584 78.0 
Niihau 2 936 78.5 
Niihau 1 197 81.1  
 
 







































































































Note: Isotopic uncertainties represent 2-sigma. Olivine data for Koolau, Kilauea, and Loihi 
are from Teng et al. (2011), while olivine data from Kahoolawe, Mauna Kea, and Niihau are 




























































































Fe and Mg Isotope fractionation within olivines has been shown to be driven by chemical 
diffusion, a quantifiable process that can provide temporal information surrounding the diffusion 
times between olivines and incoming magmas (Teng et al., 2011). During magma mixing or 
magma recharge, olivines are out of equilibrium with the entering magmas, leading to 
interdiffusion of Fe and Mg between olivines and the surrounding magmas (Costa, Dohmen, & 
Chakraborty, 2008). Throughout this diffusion, the lighter Fe and Mg isotopes diffuse faster than 
the heavier ones, leading to variable 𝛿56Fe and 𝛿26Mg ratios, in a mechanism known as kinetic 
isotope fractionation (Dauphas, 2007). Due to prior research surrounding the diffusion rates of 
Fe and Mg isotopes in olivines, this information can be used to find the timescales between 
olivines first interacting with incoming magmas and the eruptions of the studied olivines (Oeser 
et al., 2015). In order to do this, however, there must be more chemical data known of the 
olivines and magmas while they were still in their magma chambers, information that cannot be 
gathered by any existing techniques. This data includes the Fo of the olivines prior to Fe-Mg 
interdiffusion, the Mg numbers of the incoming magmas, and 𝛿56Fe and 𝛿26Mg values of olivines 
before diffusion. To circumvent this problem, this program runs a Monte Carlo Simulation, 
testing various combinations of these four variables to see which permutations can explain the 
measured Fo, 𝛿56Fe, and 𝛿26Mg of a set of olivines. Once the appropriate conditions are found for 




These following four formulas comprise the mathematical backbone of the Monte Carlo 
Inversion, from Albarede, 1995. Specifically, each one of these formulas describes a sphere 
placed inside a liquid of infinite volume, with differing concentrations of a certain element 
between the sphere and the liquid, and the element thus diffusing between the studied sphere 
and liquid. 
𝐄𝐪𝐧. 𝟏: 𝐹𝑒𝐵



















































Table 2 provides definitions for the variables in the above formulas. These
variables are then manipulated to generate the following variables, in which Iδ56Fe and Iδ26Mg 




























𝐄𝐪𝐧. 𝟕: 𝐹𝑜 =  100 −
𝐹𝑒𝐵
56 (𝑡) + 𝐹𝑒𝐵
54 (𝑡)
𝜎 + 𝛾
The relative diffusion speeds of Fe and Mg isotopes are expressed via the formula 
below (Richter et al., 1999). The 𝛽 value reflects the differences in diffusion speeds between 
different isotopes, and the values used for this program are 𝛽=.16 for Mg and 𝛽=.27 for Fe (Sio et 
al., 2013). 




The summations terms in Equations 1-4 are evaluated in the intro_calculations 
function of the program, with the dimensionless Dt/a2 term is reduced to a single variable, 
termed x. In this instance, n is varied from 1 to 3000, in intervals of 1, and x is varied from 0 to 
0.8, in intervals of 0.001. The f term is applied to compensate for the differences in diffusion 























2.3 Generation of Each Model Curve
Utilizing the inputted values of Fe0, Mg0, FeS, and MgS, in addition to these sums, five 
separate column vectors are created, for 56Fe(x), 54Fe(x), 26Mg(x), 24Mg(x), and Fo(x). The 
program then begins to run these vectors for a unique combination of surface Fo (surface Fo = 
MgS; FeS = 100 - MgS), initial Fo (initial Fo = Mg0; Fe0 = 100 - FeS) , and initial δ56Fe (Iδ56Fe) 
and δ26Mg (Iδ26Mg), in which the program finds which olivines can have their measured Fo,  
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δ56Fe, and δ26Mg values described by the analyzed permutation. To do this, first, the calculated 
δ56Fe is plotted against the calculated Fo, with the samples’ δ56Fe and Fo values included on the 
same plot. The δ56Fe value of the model curve (calculated δ56Fe vs. Fo) is then interpolated at 
each measured Fo value of the samples, as shown in Fig. 7. Once this is found, the measured 
δ56Fe of the samples are subtracted from the interpolated δ56Fe values. For each sample, if the 
absolute value of the difference is less than it’s δ56Fe 95% confidence interval, it is determined 
to be a match sample for the Fo vs. δ56Fe curve. The match samples for the Fo vs. δ56Fe curve 
are then put through a similar process for the Fo vs. δ26Mg curve. Utilizing the same method as 
the Fo vs. δ56Fe curve, if the previous match samples are found to be closer than the 95% 
confidence interval to the Fo vs. δ26Mg curve, they continue as match samples. If the previous 
match samples are not found to be closer than the 95% confidence interval to the Fo vs. δ26Mg 
curve, however, they are discarded. 
2.4 Determining Diffusion Times Once Match Samples are Known
Diffusion times are found for match samples for both the Fo vs. δ56Fe and Fo vs. δ26Mg 
curves in the solution_calculations function. In order to do this, first, a curve is made for x vs. 
Fo (both of these are 801x1 vectors), with x=Dt/a2. The Fo values of the match samples are then 
added to this curve, and the corresponding x values are gathered via interpolation, as in Fig. 8. 
Once the x values are known, the diffusion coefficients can be found for the match samples, 
which is done using the formula below, from Dohmen et al. (2007). In order to find the 
temperature values needed for the following equation, an interpolation is made using the 
16
𝐄𝐪𝐧. 𝟏𝟐: log [𝐷𝐹𝑒𝑀𝑔 (
𝑚2
𝑠
)] = −8.27 −
226000 + (𝑃 − 105) ∗ 7 ∗ 10−6 
2.303𝑅𝑇
+ 3𝑋𝐹𝑒
2.5 Running Multiple Model Lines
Approximately one million different combinations of olivine Fo, surface Fo, Iδ56 Fe, and 
Iδ26Mg are tested. Both the olivine Fo and surface Fo are varied from 75 to 91 at 0.1 increments. 
The Iδ56 Fe is varied from -0.011 to 0.182 in increments of 0.0318 (the mean δ56Fe 95% 
confidence interval of the samples), with the maximum and minimum bounds determined by the 
highest and lowest δ56Fe values in ocean island basalts found in Teng et al. (2013). The Iδ26Mg 
is varied from -0.35 to 0.18 in 0.0457 intervals, with a similar procedure utilized to determine 
the increments and maximum and minimum bounds (Teng et al., 2010). 
relationship between Fo and olivine crystallization temperature (Fig. 8, Zhang et al., 2018). The 
diffusion times can then be found with x = Dt/a2, with a=0.6mm, and x and D gathered.
17
b 
2.6 Chapter 2 Figures
a 
Figure 5 | Match Sample Interpolations The model lines for the Mgs=85, Mg0=83, 
Iδ56Fe=0, Iδ26Mg=-0.2 combination for Fo vs. δ56Fe (a) and Fo vs. δ26Mg (b). The 
vertical lines drawn from the Kahoolawe sample (red * sign) to the model lines 
represent the interpolation process; if the length of the black line on the Fo vs. δ56Fe 
plot is less than the δ56Fe 95% confidence interval for the selected sample it is selected 




Figure 6 | Calculations of Dt/a2 The values of x (a) and Temp (b) being gathered by 
interpolation. In both plots, the Fo of the match sample (in this case Fo=83.55) is 
plotted on the curves to obtain the desired outputs. The match sample is represented by 
a green +. In these plots, x is approximately equal to .01, and Temp (0C) is 
approximately equal to 1210 0C. The studied conditions are the same as in Fig. 7 
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2.7 Chapter 2 Tables
Variables Definition 
𝐵 𝐵 𝐵 
56Fe(x), 54Fe(x), 26Mg(x), 24Mg(x)
𝐵 
Total concentrations of 56Fe, 54Fe, 26Mg, 
and 24Mg in the olivine crystals at given
time 
𝐹𝑒𝑆 , 𝑀𝑔𝑆 Concentrations of Fe and Mg on the surface 
of the olivine crystals, taken to be the magma 
compositions. For Mg, this is the magma 
Mg# ([Mgmelt]/([Mgmelt]+[Femelt])), and for 
Fe, this is 100-Mg#. 
𝐹𝑒0, 𝑀𝑔0 Concentrations of Fe and Mg in the olivine 
crystals prior to Fe-Mg diffusion. For Mg, this 
is the Fo, and for Fe, this is 100-Fo. 
𝐷𝐹𝑒56, 𝐷𝐹𝑒54, 𝐷𝑀𝑔26, 𝐷𝑀𝑔24 Diffusion coefficients of 56Fe, 54Fe, 
26Mg, and 24Mg, in m2/s
𝑎 Olivine radii, in m 
𝜎, 𝛾,  , Naturally occurring abundances of 56Fe, 54Fe, 
26Mg, and 24Mg, respectively. 𝜎=0.9175, 
𝛾=0.0585, =0.79, and =0.11.
t Diffusion time (years) 
Table 2 | Definitions of Variables in Equations 1-4. The definitions of the variables 
in equations 1-4, that make up the basis of the Monte Carlo Inversion. 
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Chapter 3: Results and Discussion 
3.1 Magma Chamber Residence Times Extracted from Fe and Mg Isotope Signatures 
Here, I utilize the samples’ 𝛿56Fe, 𝛿26Mg, and Fo signatures through a Monte Carlo 
Inversion to constrain the possible magma chamber residence times. With this technique, I create 
a back-calculation using established diffusion formulas and constants from Albarède (1995), 
Richter et al. (1999) and Sio et al. (2013). Specifically, five parameters control the olivine Fe-Mg 
isotopic compositions caused by olivine-melt reaction: the initial 𝛿26Mg of olivine, the initial 
𝛿56Fe of olivine, the initial Fo of olivine (IFo), the olivine surface Fo (SFo) that is in equilibrium 
with the incoming magma, and a unitless parameter (Dt/a2) that combines Fe-Mg inter-diffusion 
coefficient (D), magma chamber residence time (t), and olivine size (a). I vary these four 
parameters to create approximately 640,000,000 different permutations, in order to find which 
specific combinations, known as the match conditions, can explain the samples' measured olivine 
Fo, 𝛿56Fe, 𝛿26Mg, Then I compare the averages and the distributions of magma chamber 
residence times, IFo, and SFo inferred for each growth stages (Figs. 5 and 6). Note that, only one 
stage melt-olivine interaction is modeled in my calculations. An olivine grain may have 
experienced several magma recharges in the magma chamber before eruption, and hence, records 
multi-stage melt-olivine interactions. In this sense, my model results should be regarded to 
reflect the cumulative effect of these multi-stage melt-olivine interactions.  
As observed in Figure 7, olivines with 𝛿56Fe and 𝛿26Mg signatures further from typical 
mantle values have smaller deviations in their calculated magma chamber residence times. 
Because more specific conditions were needed to generate the isotopic data that deviate from 
typical mantle values, the frequency with which samples were selected as match samples in the 
Monte Carlo Inversion was directly proportional to how close their isotopic data were to the 
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mantle values. This led to olivines with 𝛿56Fe and 𝛿26Mg signatures within mantle values to have 
larger deviations in their timescales. Therefore, this method is best suited to calculating 
magmatic recharge timescales for olivines with 𝛿56Fe and 𝛿26Mg data far from typical mantle 
signatures.   
As olivines from Kilauea Iki Lava Lake continued to experience Fe-Mg inter- 
diffusion while in the lava lake for up to an additional 20 years (Dzurisin et al., 1984; Rae et al., 
2016; Teng et al., 2008; Wright et al., 1976), running the Monte Carlo Inversion on Kilauea 
samples can be a valuable indicator of the validity of this method. Figure 7 illustrates that 
Kilauea samples indeed have recharge times up to about 20 years, greater than the times from 
other shield stage olivines.  
For each Niihau olivine, the mean magma chamber residence time is between 
approximately two and eleven years, with the average being about seven years. Meanwhile, these 
times for samples from shield volcanoes (excluding Kilauea) are between about one week and 
three years with the average being around eight months (Fig. 7). This difference is better shown 
in Fig. 8a, where Niihau olivines have a different magma chamber residence time distribution 
compared to those of shield olivines. Student's t-test further validate that the means of the 
magma recharge times for the Niihau samples are statistically different from those of the shield 
volcanoes (p-value << 0.001). The longer magma chamber residence times of Niihau olivines 
can be explained qualitatively through Niihau’s magmatic history during its post-shield phase. 
Niihau olivines studied here are from sample 75-Nii-4, which erupted at the beginning of the 
post-shield stage (Cousens & Clague, 2014). It is thus highly likely that the crustal magma 
chamber just started to solidify during this period, so it had not shrunk significantly from its size 
during the shield stage (Frey et al., 1990; Clague & Dixon, 2000). Throughout this period, 
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magma production was continually dropping as the Pacific Plate moved Niihau away from the 
Hawaii hotspot (Cousens & Clague, 2014). Consequently, it took longer to fill the magma 
chamber, and magmas had more time to evolve to much lower MgO content and interact with 
existing olivines that crystallized from previous generations of magmas (Clague & Dalrymple, 
1987; Frey et al., 1990). This is also consistent with the observations that IFo and SFo of Niihau 
olivines range to much lower values compared to shield olivines, excluding Kilauea Iki olivines 
(Fig. 8). 
My research further emphasizes the short timescales between the initiation of magma 
recharge and eruption observed in previously studied volcanoes (Costa et al., 2010; Gordeychik 
et al., 2018; Mutch et al., 2019; Rae et al., 2016). While shield olivines from Mauna Kea, 
Kahoolawe, Koolau, and Loihi have weekly to annual timescales that are consistent with 
measurements from mid-ocean ridge and arc volcanoes, as well as that inferred based on a single 
olivine from Puu Oo eruption at Kilauea, post-shield Niihau olivines have longer magma 
chamber residence times, on the annual to decadal time scales (Hartley et al., 2016; Ruprecht & 
Plank, 2013; Shea et al., 2015).  
3.2 Implications on Temperatures of Mantle Plumes During Different Growth Stages 
My Monte Carlo Inversion provides major element data through recording the match 
conditions for the studied olivines (Fig. 8). For instance, Fig. 8b shows the match Fo values of 
my olivines prior to the initiation of  Fe-Mg diffusion, the IFo values. The IFo reflects the 
temperature of the magma from which the olivine crystalizes, which provides a minimum 
estimate of the mantle plume temperature (Green et al., 2001; Putirka, 2005). Some Niihau 
match samples having IFo values up to 91, as high as those of shield volcanoes, therefore 
suggests mantle plume temperatures can remain as high during the post-shield stage as they were 
23
in the shield stage. As Niihau IFo data are more  varied than that of the shield volcanoes, 
however, magma temperatures are also likely more varied in the post-shield stage than in the 
shield stage. That is, the edge of the Hawaiian plume, which contributess to the post-shield stage 
volcanism, has lower average temperature but larger temperature variation than the central part 




3.3 Chapter 3 Figures
Figure 7 | Calculated Timescales of
Different Samples. a-b, 𝛿56Fe versus time (a). 𝛿26Mg versus time, (b). 𝛿56Fe versus time without 
Kilauea samples (c). 𝛿26Mg versus time without Kilauea samples (d). Confidence intervals 
indicate +/- 1 sigma, and therefore represent 68.2% of the data. 
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a b c 
Figure 8 | Sample Locations’ Complete Time and Elemental Information. Histogram 
showing the log10 of all the match sample times for the various sample locations (a). Histogram 
showing the IFo values of all the match samples for the various sample locations (b). Histogram 
showing the SFo values of all the match sampes for the various sample locations (c). 
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3.4 Chapter 3 Tables
Table 3 | Calculated Initial Olivine Elemental and Isotopic Compositions
Sample Name Calculated IFo Calculated SFo Calculated Iδ56Fe Calculated Iδ26Mg
HSDP 1 90.8±0.2 81.9±8.6 
HSDP 2 86.9±1.8 83.3±9.2 
HSDP 3 90.0±0.2 82.9±8.8 
HSDP 4 91.0±0.1 82.9±9.3 
HSDP 5 89.4±0.4 82.1±8.5 
HSDP 6 90.9±0.2 82.6±8.9 
HSDP 7 87.5±1.5 84.8±10.0 
HSDP 8 91.0±0 82.9±9.2 
HSDP 9 90.5±0.3 82.6±9.0 
HSDP 10 89.5±0.4 82.5±8.5 
HSDP 11 90.1±0.4 82.5±8.8 
HSDP 12 89.6±0.5 82.3±8.5 
HSDP 13 89.2±0.5 82.8±9.0 
HSDP 14 90.3±0.3 82.6±9.0 
HSDP 15 89.2±0.4 82.4±8.6 
HSDP 16 90.5±0.3 82.7±9.0 
HSDP 17 91.0±0 82.2±9.8 
HSDP 18 90.0±0.3 82.6±8.8 
HSDP 19 90.1±0.3 82.6±8.9 
HSDP 20 90.9±0.2 82.7±8.8 
KAH 1 88.6±0.8 81.9±8.1 
KAH 2 87.7±1.3 81.8±6.4 
KAH 3 88.9±0.5 82.6±8.9 
KAH 4 88.5±0.7 81.7±7.7 
KAH 5 88.1±1.0 82.2±8.3 
KAH 6 88.7±0.6 82.3±8.2 
KAH 7 88.6±0.6 81.8±8.2 
KAH 8 89.6±0.5 82.4±8.3 
KAH 9 88.1±0.9 81.8±7.6 
KAH 10 88.0±0.4 87.3±0.4 
KAH 11 86.8±1.5 81.3±6.8 
KAH 12 86.7±1.6 80.8±6.3 
KAH 13 88.6±1.1 81.6±7.0 
KAH 14 88.5±1.0 81.5±7.2 
KAH 15 86.9±1.8 81.0±6.4 
KAH 16 88.5±1.0 82.3±6.9 
KAH 17 88.1±1.1 81.8±7.5 
KAH 18 88.6±1.2 81.3±6.7 














































































































































































































































































































































































Table 4 | Calculated Magma Chamber Residence Times
Sample Name Mean Time (yrs.) +1 Sigma -1 Sigma
HSDP 1 0.084 0.615 0.074 
HSDP 2 0.998 11.831 0.997 
HSDP 3 0.161 2.617 0.160 
HSDP 4 0.038 0.192 0.035 
HSDP 5 0.238 3.060 0.233 
HSDP 6 0.053 0.430 0.049 
HSDP 7 0.967 11.857 0.958 
HSDP 8 0.022 0.085 0.020 
HSDP 9 0.090 0.811 0.089 
HSDP 10 0.295 5.257 0.293 
HSDP 11 0.142 1.589 0.140 
HSDP 12 0.254 3.027 0.247 
HSDP 13 0.356 6.699 0.355 
HSDP 14 0.156 1.711 0.152 
HSDP 15 0.177 2.264 0.176 
HSDP 16 0.119 1.175 0.117 
HSDP 17 0.024 0.185 0.021 
HSDP 18 0.142 1.775 0.140 
HSDP 19 0.112 0.992 0.111 
HSDP 20 0.048 0.370 0.044 
KAH 1 0.569 6.396 0.562 
KAH 2 1.074 7.330 1.049 
KAH 3 0.258 4.029 0.257 
KAH 4 0.415 4.807 0.407 
KAH 5 1.374 18.230 1.374 
KAH 6 0.396 5.146 0.385 
KAH 7 0.389 5.891 0.388 
KAH 8 0.315 3.400 0.305 
KAH 9 0.708 7.246 0.696 
KAH 10 2.720 2.637 2.153 
KAH 11 1.292 11.996 1.281 
KAH 12 1.255 10.854 1.232 
KAH 13 0.937 4.923 0.901 
KAH 14 0.840 5.462 0.809 
KAH 15 1.596 9.763 1.563 
KAH 16 0.764 6.166 0.739 
KAH 17 0.812 7.119 0.798 
KAH 18 0.988 4.750 0.936 
KAH 19 2.683 22.709 2.679 
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8.154 18.282 7.441 
8.234 7.467 4.941 
3.070 9.785 2.831 
11.392 9.137 6.957 
4.083 9.072 3.453 
8.165 5.604 4.033 
5.007 27.238 4.981 
0.947 12.525 0.938 
1.517 18.901 1.509 
3.706 9.501 3.249 
2.451 4.234 1.806 
1.793 21.353 1.784 
2.080 22.380 2.071 
5.028 15.275 4.731 
0.833 10.228 0.824 
1.601 20.228 1.593 
7.105 25.933 7.024 
5.382 15.804 5.038 
5.634 27.439 5.593 
2.468 23.320 2.459 
10.479 19.691 9.511 
21.403 10.509 12.981 
11.173 19.072 10.223 
14.485 16.555 11.924 
14.075 22.820 13.363 
14.800 22.034 13.293 
12.435 18.394 11.078 
9.023 20.261 8.426 
15.124 16.221 12.369 
11.635 24.571 11.362 
22.990 8.943 11.449 
7.151 26.396 7.032 
14.469 16.704 12.610 
11.584 18.756 10.694 
0.165 1.700 0.162 
0.582 6.353 0.579 



























































0.186 2.308 0.184 
0.348 3.647 0.346 
0.168 2.182 0.166 
0.672 6.742 0.669 
0.268 3.558 0.265 
3.958 10.314 3.809 
1.181 9.796 1.159 
0.261 3.534 0.258 
0.119 1.351 0.117 
0.111 1.227 0.109 
1.976 8.825 1.964 
0.156 1.855 0.154 
1.298 8.956 1.289 
0.163 1.646 0.161 
4.048 13.798 3.997 
0.087 0.641 0.085 
0.087 0.743 0.085 





















































Chapter 4: Summary 
In summary, the large Fe-Mg isotopic variations found in bulk Hawaiian olivines is 
best explained as a result of Fe-Mg inter-diffusion between olivines and melts in magma 
chambers. Using the chemical and Fe-Mg isotopic signatures in bulk Hawiian olivines, I 
show that Hawaiian olivines have magma recharge times on the days to years timescales, 
similar to previous measurements of MORB and arc volcanoes. Furthermore, I calculate 
that the magma recharge times of post-shield Niihau olivines are on the years to decadal 
time scales, quantifying the slowing in magma recharge times between shield and post- 
shield volcanoes. 
Kinetic isotope fractionation is not unique to Hawaiian volcanoes. It has been shown 
to have an influence on the δ56Fe and δ26Mg signatures of olivines from MORBs, arc 
volcanoes, metamorphosed peridotites, and even Martian meteorites (Collinet et al., 2017; 
Hartley et al., 2016; Ruprecht & Plank, 2013; Zhao et al., 2017). Combination of bulk Fe- 
Mg isotopic measurements of their minerals and a Monte Carlo Inversion such as my own 
could be implemented to find temporal information on the rates of magma recharge. 
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Appendix A: Python Code
#!/usr/bin/env python3 
# -*- coding: utf-8 -*- 
""" 




import numpy as np 
import pandas as pd 
from scipy import interpolate import 
xlsxwriter 
def intro_calculations(): 
n = range(1,2001,1) 
xMg24 = range(0,801,1) 
BetaFe = .27 
BetaMg = .16 
fFe56 = (54 / 56) ** BetaFe 
fMg26 = (24 / 26) ** BetaMg 
v = [] 
q = [] 
w = [] 




for j in n:
v[i].append((1 / (j) ** 2) * math.exp( -(j) ** 2 * math.pi ** 2 * (i) / 
1000)) 
q[i].append((1 / (j) ** 2) * math.exp(( -(j) ** 2 * math.pi ** 2 * (i) / 
1000) * fFe56)) 




vsum = v.sum(axis = 1) 
qsum = q.sum(axis = 1) 
wsum = w.sum(axis = 
1) min_Mg0 = 75 
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 fMg26)) 
max_Mg0 = 91.1 
interval_Mg0 = .1 
min_Mgnum = 75 
max_Mgnum = 91.1 
interval_Mgnum = .1 
min_md56fe = -.011 
max_md56fe = .182 
interval_md56fe = .0318 
min_md26mg = -.35 
max_md26mg = -.18 
interval_md26mg = .0457 
all_Mg0 = np.arange(min_Mg0, max_Mg0, interval_Mg0) 
all_Mgnum = np.arange(min_Mgnum, max_Mgnum, interval_Mgnum) 
all_md56fe = np.arange(min_md56fe, max_md56fe, interval_md56fe) all_md26mg 
= np.arange(min_md26mg, max_md26mg, interval_md26mg) 
FullMatchNames_complete = [] 
Mg0_complete = [] 
Mgnum_complete = [] 
t_years_complete = [] 
Fe_isotopes_complete = [] 
Mg_isotopes_complete = [] 
Dta_complete = [] 
dc_complete = [] 
print("\nCalculations running. Please wait.") 
for a in all_Mg0: 
for b in all_Mgnum: 
for c in all_md56fe: 
for d in all_md26mg: 
if a != b: 








Mgnum_complete, t_years_complete, Fe_isotopes_complete, 
Mg_isotopes_complete, Dta_complete, dc_complete) 
def match_finder(a, b, c, d, vsum, qsum, wsum, FullMatchNames_complete, 
Mg0_complete, Mgnum_complete, t_years_complete, Fe_isotopes_complete, 
Mg_isotopes_complete, Dta_complete, dc_complete): 
alpha = .9175 
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omega = .0585 
gamma = .79 
epsilon = .11 
BulkFe56 = ((100 - b) * alpha) + (( 6 * alpha * ((100 - a) - (100 - b))) / math.pi ** 2) * 
qsum; 
BulkFe54 = ((100 - b) * omega) + (( 6 * omega * ((100 - a) - (100 - b))) /math.pi**2)* 
vsum 
DeltaFe56 = (((np.divide(BulkFe56, BulkFe54)) / (alpha / omega)) - 1) * 1000 + c 
Fo = 100 - ((BulkFe56 + BulkFe54) / (alpha + omega)) 
BulkMg26 = (b * epsilon) + ((6 * epsilon * (a - b)) / math.pi ** 2) * wsum BulkMg24 = (b 
* gamma) + ((6 * gamma * (a - b)) / math.pi ** 2) * vsum









SampleFo_Abovelim = SampleFo[SampleFo > minfo]
SampleFo_Correctlim = SampleFo_Abovelim[SampleFo_Abovelim < maxfo]
data_nonames_abovelim = data_nonames[SampleFo > minfo]
data_nonames_correctlim = data_nonames_abovelim[SampleFo_Abovelim < maxfo] 
names_abovelim = names[SampleFo > minfo]
names_correctlim = names_abovelim[SampleFo_Abovelim < maxfo]
f_Fe = interpolate.interp1d(Fo, DeltaFe56)
InterpD56Fe = f_Fe(SampleFo_Correctlim)
SampleFe = data_nonames_correctlim[:,1]
SubtractedFe = SampleFe - InterpD56Fe
SampleFeU = data_nonames_correctlim[:,3]
FeMatchFo = SampleFo_Correctlim[abs(SubtractedFe) < SampleFeU] FeMatchNames = 
names_correctlim[abs(SubtractedFe) < SampleFeU] SampleMgU =
data_nonames_correctlim[:,4]
FeMatchMgU = SampleMgU[abs(SubtractedFe) < SampleFeU]
SampleMg = data_nonames_correctlim[:,2]
FeMatchMg = SampleMg[abs(SubtractedFe) < SampleFeU]
f_Mg = interpolate.interp1d(Fo, DeltaMg26)
InterpD26Mg = f_Mg(FeMatchFo)
SubtractedMg = FeMatchMg - InterpD26Mg
FullMatchFo = FeMatchFo[abs(SubtractedMg) < FeMatchMgU]
FullMatchNames = FeMatchNames[abs(SubtractedMg) < FeMatchMgU]
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FullMatchNames = FullMatchNames.tolist() 
if len(FullMatchNames) > 0: 
solution_calculations(FullMatchNames, FullMatchFo, a, b, c, d, Fo, 
FullMatchNames_complete, Mg0_complete, Mgnum_complete, 
t_years_complete, Fe_isotopes_complete, Mg_isotopes_complete, 
Dta_complete, dc_complete)
def solution_calculations(FullMatchNames, FullMatchFo, a, b, c, d, Fo, 
FullMatchNames_complete, Mg0_complete, Mgnum_complete, 
t_years_complete, Fe_isotopes_complete, Mg_isotopes_complete, 
Dta_complete, dc_complete): 
xxMg24 = np.arange(0, .801, .001, dtype = float) 
f_solution = interpolate.interp1d(Fo, xxMg24) 
Dta_squared = f_solution(FullMatchFo) 
Dta_squared = np.column_stack(Dta_squared,) 
Dta_squared = np.transpose(Dta_squared) 
temp_data = pd.read_excel('fo_temperature.xlsx') 
temp_array = temp_data.values 
temp_array = temp_array.astype(np.float) 
temp_data_fo = temp_array[:,0] 
temp_data_temp = temp_array[:,1] 
f_temp = interpolate.interp1d(temp_data_fo, temp_data_temp) 
InterpTempC = f_temp(FullMatchFo) 
Temp = InterpTempC + 273.15 
Fo_dec = FullMatchFo / 100 
Fa = 1 - Fo_dec 
constant = 226000 
length = len(FullMatchNames) 
constant = [constant] * length 
LogD = -8.27 - (np.divide(constant, 2.303 * 8.314 * Temp)) + (3 





t_seconds = np.divide(Dta_squared * r ** 2, dc)







Mg0_sized = [a] * length
Mgnum_sized = [b] * length
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Fe_sized = [c] * length 









return FullMatchNames_complete, Mg0_complete, 
Mgnum_complete, 
t_years_complete, Fe_isotopes_complete, Mg_isotopes_complete, 
Dta_complete, dc_complete 
def create_excel_file(results_names, results_mg0, results_Mgnum, results_years, 
results_fe, results_mg, results_dta, results_dc): 
Mg0_final = [] 
Mgnum_final = [] 
Matchnames_final = [] 
years_final = [] 
Fe_final = [] 
Mg_final = [] 
Dta_final = [] 
dc_final = [] 
for item in results_mg0: 
for location, value in enumerate(item): 
Mg0_final.append(value) 
for item in results_Mgnum: 
for location, value in enumerate(item): 
Mgnum_final.append(value) 
for item in results_names: 
for location, value in enumerate(item): 
Matchnames_final.append(value) 
for item in results_years: 
for location, value in enumerate(item): 
years_final.append(value) 
for item in results_fe: 
for location, value in enumerate(item): 
Fe_final.append(value) 
for item in results_mg: 
for location, value in enumerate(item): 
Mg_final.append(value) 
for item in results_dta: 
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for location, value in enumerate(item): 
Dta_final.append(value) 
for item in results_dc: 




worksheet = workbook.add_worksheet() 
row = 0 
column = 0 
for name in Matchnames_final: 
worksheet.write(row, column, name) 
row += 1 
column = 1 
row = 0 
for value in Mg0_final: 
worksheet.write(row, column, value) row += 1 
column = 2 
row = 0 
for value in Mgnum_final: 
worksheet.write(row, column, 
value) row += 1 
column = 3 
row = 0 
for value in years_final: 
worksheet.write(row, column, 
value) row += 1 
column = 4 
row = 0 
for value in Fe_final: 
worksheet.write(row, column, 
value) row += 1 
column = 5 
row = 0 
for value in Mg_final: 
worksheet.write(row, column, 
value) row += 1 
column = 6 
row = 0 
for value in Dta_final: 
worksheet.write(row, column, 
value) row += 1 
column = 7 
row = 0 
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for location, value in enumerate(item): 
Dta_final.append(value) 
for item in results_dc: 




worksheet = workbook.add_worksheet() 
row = 0 
column = 0 
for name in Matchnames_final: 
worksheet.write(row, column, name) 
row += 1 
column = 1 
row = 0 
for value in Mg0_final: 
worksheet.write(row, column, value) row += 1 
column = 2 
row = 0 
for value in Mgnum_final: 
worksheet.write(row, column, 
value) row += 1 
column = 3 
row = 0 
for value in years_final: 
worksheet.write(row, column, 
value) row += 1 
column = 4 
row = 0 
for value in Fe_final: 
worksheet.write(row, column, 
value) row += 1 
column = 5 
row = 0 
for value in Mg_final: 
worksheet.write(row, column, 
value) row += 1 
column = 6 
row = 0 
for value in Dta_final: 
worksheet.write(row, column, 
value) row += 1 
column = 7 
row = 0 
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for value in dc_final: 
worksheet.write(row, column, value) row 
+= 1 
workbook.close() 
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